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MotionThe presence of a general global motion processing deﬁcit in amblyopia is now well established, although
its severity may depend on image speed and amblyopia type, but its underlying cause(s) is still largely
indeterminate. To address this issue and to characterize further the nature of the global motion percep-
tion deﬁcit in human amblyopia, the effects of varying spatial offset (jump size—Ds) and temporal offset
(delay between positional updates—Dt) in discriminating global motion for a range of speeds (1.5, 3 and
9 /s) in both amblyopic and normal vision were evaluated. For normal adult observers (NE) and the non-
amblyopic eye (FE) motion coherence thresholds measured when Dtwas varied were signiﬁcantly higher
than those when Ds was varied. Furthermore when Dt was varied, thresholds rose signiﬁcantly as the
speed of image motion decreased for both NEs and FEs. AE thresholds were higher overall than the other
eyes and appeared independent of both the method used to create movement and speed. These results
suggest that the spatial and temporal limits underlying the perception of global motion are different.
In addition degrading the smoothness of motion has comparatively little effect on the motion mecha-
nisms driven by the AE, suggesting that the internal noise associated with encoding motion direction
is relatively high.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The detection of motion is one of the most important aspects of
our visual system as motion is continually present in the visual
scene due to eye movements, self-movement and movements of
objects in our ﬁeld of view. In higher mammals, such as primates,
motion sensitivity is mediated in the ﬁrst instance by cells in pri-
mary visual cortex (V1). These neurons often exhibit direction
selectivity but are limited in that they have receptive ﬁelds that
operate over relatively restricted (local) regions of visual space
(e.g. Dow et al., 1981; Hubel & Wiesel, 1968). This creates ambigu-
ity, as exempliﬁed by the well-known ‘aperture problem’, in that
the response of any one neuron sampling a small region of space
is generally not a reliable indicator of the overall (global) motion
trajectory of a spatially-extensive object in a scene. To resolve this
ambiguity estimates of local motion must be combined in some
manner, across space and over time, although the precise compu-
tations governing global motion perception are still the subject of
much debate (e.g. Webb, Ledgeway, & McGraw, 2007).
Beyond V1, extrastriate cortical area V5 (or MT), part of the dor-
sal pathway, has a high proportion of motion-sensitive neurons(Zeki, 1974) with relatively large receptive ﬁelds (e.g. Gattass &
Gross, 1981; Mikami, Newsome, & Wurtz, 1986), capable of inte-
grating local motion responses, from V1, to compute global image
motion (Britten et al., 1992). Evidence that V5 plays such a role in
primates was obtained by Newsome and Pare (1988) using ran-
dom-dot-kinematograms (RDKs), a class of stimuli that have be-
come widely used to study global motion perception. The RDKs
were composed of a spatial array of randomly-moving dots, a sub-
set of which (signal dots) were made to move in the same, global,
direction and the remainder (noise dots) moved in random direc-
tions. They found that the minimum percentage of signals dots in
the stimulus needed to identify reliably the global motion direction
(i.e. the motion coherence threshold) could be as low as 2% in both
monkeys and humans. However following chemical lesions to area
V5 the monkeys’ ability to perform the task was selectively im-
paired, suggesting a causal role for this area in global motion per-
ception. Analogous results have been found in humans by applying
transcranial magnetic stimulation (TMS) over a homologous region
of cortex (termed hV5/MT) to disrupt its normal functioning (e.g.
Beckers & Homberg, 1992; Hotson et al., 1994).
Interestingly global motion perception can be selectively im-
paired in a wide range of clinical and developmental disorders,
suggesting that the underlying mechanisms of the dorsal path-
way mediating the integration of local motion signals are rela-
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vated motion coherence thresholds for detecting the direction
of global motion have been reported in schizophrenia (e.g. Chen
et al., 2003), dyslexia, (e.g. Talcott et al., 2000), autism and very
pre-term birth (e.g. Braddick, Atkinson, & Wattam-Bell, 2003;
Grinter, Maybery, & Badcock, 2010), as well as normal ageing
(e.g. Hutchinson et al., 2012). Of particular relevance to the pres-
ent study is global motion processing in amblyopia. Amblyopia is
a condition that is characterised by reduced vision in one eye
due to the presence of a sensory impediment to visual develop-
ment, such as strabismus (ocular misalignment) or anisometro-
pia (unequal refractive error), occurring early in life. In
addition to a clinically recognised reduction in optotype acuity
and stereoacuity, amblyopia is accompanied by many more sub-
tle visual deﬁcits. Anomalous motion integration with elevated
motion coherence thresholds is evident in every type of ambly-
opia when viewing with the amblyopic eye (AE) (Constantinescu
et al., 2005; Simmers, Ledgeway, & Hess, 2005; Simmers et al.,
2003, 2006; Thompson et al., 2011, 2012) or with the fellow
eye (FE) (Simmers, Ledgeway, & Hess, 2005; Simmers et al.,
2003, 2006). Deﬁcient maximum motion displacement limits
(Dmax) for determining motion direction in RDKs have also been
observed in the AE (Ho & Giaschi, 2007) and in the FE of ambly-
opic subjects (Ho et al., 2005).
The presence of a general global motion processing deﬁcit in
amblyopia is now well established, although its severity may de-
pend on image speed and amblyopia type, but its underlying
cause(s) is still largely indeterminate. In addition to disruption
of global motion sensitive mechanisms in extrastriate visual cor-
tex it could arise from abnormal pooling of local motion signals
as a result of increased levels of spatial uncertainty/internal
noise (Levi & Klein, 2003; Pelli, Levi, & Chung, 2004; Sharma,
Levi, & Klein, 2000; Wang, Levi, & Klein, 1998) or restricted
range of spatial integration mechanisms (Levi, Whitaker, & Pro-
vost, 2009). Furthermore the extent of the behavioral impair-
ment (the range of stimulus parameters under which it occurs)
has not been well characterised in human vision, although ani-
mal studies have been done which have a direct bearing on this
issue. For example Kiorpes, Tang, and Movshon (2006) measured
global motion coherence thresholds for strabismic and anisome-
tropic amblyopic monkeys. The speed of the signal dots compris-
ing the RDKs was varied by changing either the spatial offset
(jump size signiﬁed by Ds) on each displacement or the tempo-
ral offset (delay between positional updates signiﬁed by Dt). The
monkeys demonstrated a performance proﬁle in which deﬁcits
were largely conﬁned to small spatial offsets and long temporal
offsets (i.e. slow dot speeds), revealing a characteristic perfor-
mance deﬁcit in spatiotemporal integration in the amblyopic vi-
sual system of non-human primates. It is unknown if this
pattern of impairment is also true of the amblyopic human vi-
sual system, although differential maturation rates of the mech-
anisms that encode ‘slow’ and ‘fast’ global motion (Ellemberg
et al., 2004; Lewis & Maurer, 2005; Narasimhan & Giaschi,
2012) could result in the comparatively late-maturing, slow
speed mechanisms being more susceptible to disruption by
developmental disorders such as amblyopia (e.g. Steinman, Levi,
& McKee, 1988).
To address this issue and to characterize further the nature of
the global motion perception deﬁcit in human amblyopia, in the
present study coherence thresholds for identifying the direction
of global motion were measured over a wide range of spatial off-
sets (Ds), temporal offsets (Dt) and dot speeds. Thresholds were
measured separately for both the AE and FE of observers with
amblyopia and compared to the patterns of monocular perfor-
mance measured for a control group of observers without amblyo-
pia (normal eyes—NEs).2. Methods
2.1. Observers
A group of 10 normal observers (mean age 28 ± 2.5 years) and
10 subjects with amblyopia (mean age 31.6 ± 11.8 years) took part
in the study. Four of the amblyopic observers had strabismic
amblyopia; four had anisometropic amblyopia and two were of
mixed (strabismus and anisometropia) etiology. All of the amblyo-
pic observers had been treated for their amblyopia, in early child-
hood, with spectacles and occlusion therapy. To be included in the
study the normal observers had to have corrected visual acuity
(VA) of at least 0.0 logMAR in each eye and stereoacuity of at least
6000 on the Frisby near test. To be included in the study the ambly-
opic observers had to have at least 0.1 logMAR difference in VA
with a 1.00 dioptre difference in any meridian to be considered
anisometropic. None of the observers had any ocular pathology.
The clinical details of the amblyopic observers can be found in
Table 1.
2.2. Apparatus and stimuli
Global motion stimuli (RDKs) were computer generated using
an Apple Macintosh computer and displayed on a carefully gam-
ma-corrected Compaq P1220 CRT monitor with a spatial resolution
of 1024  768 pixels and a frame rate of 75 Hz. Viewing was mon-
ocular at a distance of 57 cm, such that 1 screen pixel subtended
0.04. Stimuli were presented within the conﬁnes of a central
square display window which subtended 20.48  20.48 and the
luminance of the remainder of the display (which was homoge-
neous) was 50 cd/m2.
Each RDK was generated immediately prior to its presentation
(on any one trial) and was composed of a sequence of images,
which when presented consecutively produced apparent motion.
The RDKs contained 80 non-overlapping ‘white’ dots (diameter
0.96; luminance 100 cd/m2) on a homogenous ‘grey’ background
(luminance 50 cd/m2). This produced a dot density of 0.19 dots/
deg2. On the ﬁrst image in each motion sequence the dot positions
were randomised and on subsequent images motion was created
by varying either the spatial offset (Ds was equal to either 0.04,
0.08 or 0.24) of the dots whilst maintaining a constant temporal
offset of 26.67 ms, or by varying dot duration (Dt was equal to
either 160 ms, 80 ms, 26.67 ms) whilst maintaining a constant spa-
tial displacement of 0.24. This allowed performance for each type
of motion (varying Ds vs. varying Dt) to be measured separately as
a function of speed (1.5, 3 and 9 /s). Whenever a dot reached the
edge of the square display window it was ‘wrapped-around’ so that
it immediately reappeared on the opposite edge of the window.
The coherence of the global motion displayed could be varied by
assigning a percentage of the dots on each positional update to be
signal dots (move in a common direction) and the remainder to be
noise dots (move in a random direction spanning the 360 range).
That is, the direction in which each dot moved was limited in time
so that after a given lifetime a new group of dots, determined at
random, moved in the signal direction and the rest became noise
dots. When Ds was varied the assignment of signal and noise dots
changed every 26.67 ms (2 screen refreshes) and when Dt was var-
ied this was either every 26.67 (2 refreshes), 80 (6 refreshes) or 160
(12 refreshes) ms. Regardless of whether an individual dot was as-
signed to be a signal or noise dot, it always had the same spatial off-
set, temporal offset and hence speed as the other dots in the display.
2.3. Procedure
After visual screening of the normal observers and clinical
assessments of the amblyopic observers, the procedure was
Table 1
Amblyopic observers’ clinical details. Note that measurement of ocular alignment was done with the prism cover test at distance with full spectacle correction. VA is visual acuity,
SOT is esotropia and BV is binocular vision.
Observer Spectacle prescription VA logMAR crowded Ocular alignment Bagolini lenses Frisby near (00)
AM RE +3.50/0.25  145 RE 0.2 Straight BV response Not measurable
LE +0.75/0.50  27 LE 0.0
HM RE +0.25/0.25  5 RE 0.1 L SOT 6D Suppression Not measurable
LE plano LE 0.24
HO RE 0.25/0.75  180 RE 0.1 Straight Variable response 40
LE +2.25/4.50  160 LE 0.18
LM RE +2.00/1.75  180 RE 0.2 Straight BV response 20
LE +0.25/0.25  160 LE 0.1
PK RE +0.75 DS RE 0.1 L SOT 2D BV response 110
LE +0.75 DS LE 0.1
PC RE +5.00/1.00  175 RE 0.8 R SOT 15D Suppression Not measurable
LE +5.25/1.75  5 LE 0.0
GM RE +2.00/+0.70  105 RE 0.8 Straight BV response 170
LE 2.00/+0.50  65 LE 0.1
MM RE +4.00/1.00  170 RE 0.0 L XOT 2D Suppression Not measurable
LE +6.00/1.75  177 LE 0.8
LB RE plano RE-0.1 L SOT 10D BV response 110
LE +3.25/+1.00  90 LE 0.3
NM Nil RE 0.0 L XOT 20D Suppression Not measurable
LE 0.8
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protocol was approved by the School of Life Sciences Human Sub-
jects Ethics Committee of Glasgow Caledonian University and com-
plied with the Declaration of Helsinki. All observers wore a patch
over one eye and viewed the screen monocularly. In those observ-
ers with amblyopia, measurements were made with both the
amblyopic eye (AE) and non-amblyopic eye (FE) in random order.
In normal observers the right or left eye was randomly assigned
(NE).
Global motion performance was measured using a single inter-
val forced choice procedure. On each trial the observer was pre-
sented with a central ﬁxation cross for 500 ms followed by a 1 s
presentation of a RDK in which the signal dots moved either up-
wards or downwards (chosen at random on each trial). The stimu-
lus was then replaced by an homogenous blank ﬁeld and observers
were required to judge the global direction of the signal dots in the
RDK using the keyboard (either upwards or downwards). Auditory
feedback was given following an incorrect response. The ﬁxation
cross was then presented for 500 ms before the next RDK was dis-
played and so on. The motion coherence of the RDK displayed on
each trial was based on the observer’s recent response history
and was determined by a 3-down, 1-up adaptive staircase that
tracked the 79.4% correct performance level (Edwards & Badcock,
1995). The initial coherence level was set to 100% (all dots were
signal dots) and the staircase step size was 16 signal dots. On each
staircase reversal the step size was halved and once this had
reached the minimum value of 1 dot, the staircase terminated after
6 more reversals. The arithmetic mean of these ﬁnal 6 reversals
was used as an estimate of the motion coherence threshold for that
run of trials. The ﬁnal threshold for each condition and observer
(and for each eye separately for the amblyopic observers) was
based on the mean of at least ﬁve such staircases. The total task
duration was around 90 min per eye with a scheduled 5 min rest
time after each 30 min period.
2.4. Data analyses
For each condition tested the overall group mean motion coher-
ence thresholds and standard error of the mean (SEM) were calcu-
lated for all AEs, FEs and NEs. To investigate if the observeddifferences in performance were statistically signiﬁcant two 3-
way (2  2  3) mixed ANOVAs were conducted to enable the
thresholds measured with AEs and FEs to be directly compared
to those for the NEs. The between-subject factor was eye and this
had two levels (either AE vs. NE, or FE vs. NE) that depended on
the comparison being made in each case. The two within-subject
factors were type of motion (varying Dt vs. varying Ds) and speed
(1.5 vs. 3 vs. 9 /s).
3. Results
3.1. Motion coherence thresholds
Table 2 shows the mean motion coherence thresholds (%) and
associated SEM measured for each individual observer (eye) and
motion condition tested.
3.2. Normal eyes
Fig. 1 plots the overall group mean coherence thresholds for all
NEs as a function of the dot speed, when either the temporal offset
(Dt) or the spatial offset (Ds) was systematically varied and the
other parameter was held constant. It is evident that thresholds
measured for the NE of healthy observers were typically highest
when Dt was varied to create movement and under those condi-
tions are clearly dependent on the dot speed, in that thresholds
gradually increase as the dot speed decreases from 9 to 1.5 /s.
When Ds was varied, the resulting change in dot speed had little
or no effect on performance.
3.3. Amblyopic eyes
Fig. 2 plots monocular global motion thresholds for the AE of
the amblyopes as a function of the dot speed, separately for each
type of motion. Overall the thresholds are considerably higher
(by a factor of 1.8) than those measured with the normal observ-
ers and show much less consistency between observers than the
NE performance. Indeed thresholds appear to be very similar under
all conditions, regardless of the method used to create movement
and the dot speed.
Table 2
Mean motion coherence thresholds (%), ±1 standard error of the mean (SEM), for each observer (eye) and condition tested. AE is amblyopic eye and FE is fellow eye. For the control
(normal) observers R denotes right eye used and L denotes left eye used.
Observer (eye) Dt Varies (Ds constant) Ds Varies (Dt constant)
1.5 /s 3 /s 9 /s 1.5 /s 3 /s 9 /s
AM (AE) 48.7 ± 2.5 56.2 ± 8.2 71.8 ± 4.2 33.2 ± 9.9 66.9 ± 18.5 61.0 ± 4.4
HM (AE) 23.8 ± 2.7 16.2 ± 2.4 18.6 ± 2.3 35.4 ± 1.7 20.1 ± 3.7 17.4 ± 1.9
HO (AE) 19.2 ± 0.8 12.6 ± 1.7 11.9 ± 2.8 13.9 ± 4.0 10.1 ± 1.2 8.75 ± 1.4
LM (AE) 20.3 ± 1.2 18.8 ± 3.1 6.5 ± 0.8 20.7 ± 1.2 14.8 ± 0.5 11.7 ± 1.5
PK (AE) 10.7 ± 1.7 11.2 ± 1.8 4.64 ± 1.0 9.0 ± 0.5 5.7 ± 1.0 3.8 ± 0.1
PC (AE) 26.5 ± 3.3 27.9 ± 6.9 32.9 ± 10.7 20.8 ± 6.3 20.8 ± 5.4 18.4 ± 4.8
GM (AE) 23.7 ± 3.2 23.3 ± 4.3 24.7 ± 6.2 21.1 ± 3.2 22.1 ± 5.4 21.2 ± 5.0
MM (AE) 22.6 ± 4.2 16.5 ± 2.2 14.6 ± 2.3 15.2 ± 1.7 13.8 ± 4.5 12.3 ± 3.8
LB (AE) 19.2 ± 2.9 25.4 ± 3.9 20.2 ± 5.1 22.4 ± 1.6 19.6 ± 5.3 19.3 ± 5.9
NM (AE) 31.6 ± 3.4 35.4 ± 4.9 36.2 ± 2.9 31.6 ± 3.7 30.7 ± 4.1 37.8 ± 5.3
AM (FE) 55.0 ± 12.2 16.6 ± 3.3 10.8 ± 2.0 22.6 ± 5.2 11.1 ± 1.8 12.6 ± 4.2
HM (FE) 12.2 ± 2.6 9.3 ± 0.4 9.4 ± 3.1 9.5 ± 1.1 14.7 ± 0.9 8.6 ± 0.8
HO (FE) 23.3 ± 2.82 15.8 ± 1.6 13.9 ± 1.8 19.1 ± 1.8 13.8 ± 2.2 10.6 ± 0.9
LM (FE) 17.0 ± 1.1 19.1 ± 1.7 20.6 ± 3.6 10.4 ± 1.1 9.3 ± 1.3 10.4 ± 1.4
PK (FE) 14.2 ± 1.7 9.7 ± 1.6 7.8 ± 1.9 9.1 ± 2.0 5.5 ± 1.2 4.1 ± 0.7
PC (FE) 11.9 ± 2.4 9.4 ± 2.8 7.8 ± 0.7 8.7 ± 0.9 8.0 ± 1.2 4.7 ± 1.3
GM (FE) 12.3 ± 2.2 12.3 ± 1.5 10.7 ± 3.2 9.2 ± 2.6 10.4 ± 1.9 8.5 ± 1.1
MM (FE) 15.6 ± 1.4 12.8 ± 2.1 10.1 ± 1.9 10.6 ± 0.8 10.2 ± 1.7 9.5 ± 2.1
LB (FE) 19.1 ± 1.8 15.6 ± 1.3 11.9 ± 2.1 22.6 ± 0.9 14.7 ± 1.1 12.6 ± 1.0
NM (FE) 10.9 ± 1.1 13.9 ± 1.5 12.5 ± 1.9 14.3 ± 2.1 10.9 ± 1.5 9.1 ± 2.2
AG (L) 22.8 ± 7.9 17.1 ± 2.5 9.9 ± 2.5 17.5 ± 1.5 18.8 ± 2.8 18.1 ± 1.0
CC (L) 26.9 ± 2.4 20.6 ± 2.4 10.1 ± 1.4 11.3 ± 1.4 8.3 ± 0.5 9.6 ± 3.2
EG (R) 19.2 ± 2.2 15.5 ± 2.8 11.9 ± 2.5 9.4 ± 1.9 6.7 ± 1.0 7.7 ± 1.2
EM (R) 13.9 ± 1.8 12.4 ± 2.5 8.0 ± 1.8 9.2 ± 0.6 7.2 ± 0.8 7.1 ± 0.9
GB (R) 43.6 ± 10.4 17.0 ± 2.5 17.4 ± 4.0 14.6 ± 3.8 18.6 ± 2.5 18.2 ± 4.6
MD (L) 18.4 ± 1.5 11.7 ± 3.2 9.2 ± 2.4 14.1 ± 2.3 9.8 ± 2.4 9.1 ± 1.6
SH (R) 24.8 ± 3.8 15.2 ± 2.6 13.5 ± 3.1 12.2 ± 1.7 9.3 ± 1.2 9.3 ± 0.9
SB (L) 18.9 ± 2.4 13.5 ± 2.3 10.3 ± 1.3 12.6 ± 1.6 9.4 ± 0.2 9.2 ± 1.7
SO (R) 11.1 ± 0.7 8.5 ± 1.9 8.2 ± 1.3 10.2 ± 0.5 6.5 ± 0.5 4.5 ± 0.7
TL (L) 15.0 ± 1.1 9.2 ± 1.6 6.3 ± 0.7 11.7 ± 1.4 7.6 ± 0.2 6.4 ± 0.3
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Fig. 1. The overall group mean coherence thresholds (expressed as the % of signal
dots in the RDK stimulus necessary for reliable direction identiﬁcation) for all
normal eyes (NEs) as a function of the dot speed (either 1.5, 3 or 9 /s), when either
the temporal offset (Dt) or the spatial offset (Ds) was systematically varied and the
other parameter was held constant. The error bar above and below each data point
represents ±1 SEM.
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Fig. 2. Legend the same as Fig. 1 with the exception that monocular thresholds are
shown for the amblyopic eye (AE) of individuals with amblyopia.
62 P.J. Knox et al. / Vision Research 86 (2013) 59–65ANOVA comparing the AE with the NE results revealed a signif-
icant 3-way interaction between eye, type of motion and speed
[F(2,36) = 3.314, p = 0.0477; Partial g2 = 0.156]. This interaction
was explored using simple effects analysis which showed that forNEs only, thresholds for the Dt varies condition were signiﬁcantly
higher [F(1,18) = 21.157, p = 0.0002; Partial g2 = 0.540] than those
for the Ds varies condition at the slowest speed tested (1.5 /s).
Analysis of simple effects also conﬁrmed that when Dt was varied
there was a signiﬁcant increase in thresholds as image speed was
progressively reduced [F(2,36) = 8.855, p = 0.0007; Partial
g2 = 0.330], but only for the NE and not the AE.
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Fig. 4. Mean motion coherence thresholds for AEs, collapsed across all dot speeds,
for those amblyopes with measurable stereoacuity (N = 5) compared with those
P.J. Knox et al. / Vision Research 86 (2013) 59–65 633.4. Fellow eyes
Fig. 3 shows the motion coherence thresholds for the FEs at
each of the three speeds (1.5, 3 and 9 /s) when Dt was varied
and Ds was held constant, and vice versa. For the FE, of amblyopic
individuals, in general the measured thresholds exhibit consider-
ably less variability between individuals than those measured for
the AE. It is also readily apparent that both the magnitudes and
pattern of motion coherence thresholds found for the FEs closely
resemble those of the normal observers (NEs). That is, they were
affected by dot speed and were generally worse when the temporal
offset was increased (the motion became less smooth) to produce
motion.
The ANOVA comparing the FE with the NE thresholds revealed
that although the main effect of eye was not signiﬁcant
[F(1,18) = 0.004, ns], the interaction between type of motion and
speed was signiﬁcant [F(2,36) = 5.208, p = 0.0103; Partial
g2 = 0.224]. Simple effects analysis of this interaction showed that
motion thresholds measured when Dt was varied were signiﬁ-
cantly higher than those when Ds was varied at dot speeds of
1.5 /s [F(1,54) = 28.465, p < 0.0001; Partial g2 = 0.345] and 3 /s
[F(1,54) = 5.395, p = 0.0240; Partial g2 = 0.091] but not 9 /s. Fur-
thermore there was a signiﬁcant effect of speed, but only for the
Dt condition [F(2,72) = 456.307, p < 0.0001; Partial g2 = 0.381].without (N = 5) for each type of motion. See Table 1 for clinical details. The error bar
above each column represents +1 SEM.3.5. The effect of stereoacuity on performance
It is interesting to consider if the extent of binocular vision in
the amblyopic observers has an impact on their ability to encode
the global direction of a RDK stimulus. Fig. 4 compares the mean
global motion performance for AEs, collapsed across all speeds,
for those amblyopes with measurable stereoacuity (observers LM,
HO, PK, GM and LB) and those without (observers HM, AM, PC,
MM and NM). Interestingly those without stereoacuity do much
less well on the task (threshold are 2 times higher) than those
with stereoacuity. Unpaired t-tests conﬁrmed that this difference
was statistically signiﬁcantly regardless of whether Dt was varied
(and Ds was constant) to create motion [t(28) = 3.358, p = 0.0023,
two-tailed; Cohen d = 1.226] or vice versa [t(28) = 3.099,
p = 0.0044, two-tailed; Cohen d = 1.132]. The same type of analyses1
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Fig. 3. Legend the same as Fig. 1 with the exception that monocular thresholds are
shown for the fellow eye (FE) of individuals with amblyopia.for FEs did not show signiﬁcant differences for those with and
without stereoacuity.4. Discussion
4.1. Normal eyes
The effect of speed on motion coherence thresholds for a nor-
mal group of observers was clearly demonstrated in this study.
For the normal adult observers, when motion speed was modu-
lated by varying the temporal offset (Dt) thresholds at the slowest
speed (1.5 /s) were signiﬁcantly higher than those measured at
9 /s. This is in agreement with the ﬁndings of Ellemberg et al.
(2004) who found that motion coherence thresholds for normal
adults, measured with ﬁrst-order (luminance deﬁned) global mo-
tion stimuli, were much higher at 1.5 /s than at 9 /s when speed
was modulated by varying Dt. Slow dot speeds generated by
lengthy temporal offsets and a small number of displacements
cause the motion to appear less smooth and continuous and are
more difﬁcult for the visual system to integrate (e.g. Allen et al.,
2010). Reducing the number of displacements per second – effec-
tively increasing external temporal noise – leads to non-optimal
integration of local element motions.
In the case where motion speed was modulated by manipulat-
ing the spatial offset of the dots (Ds) no speed advantage was evi-
dent. Motion coherence thresholds were comparable across all
speeds tested demonstrating the importance of the particular
method used for generating a range of different image speeds
when assessing global motion sensitivity. For normal observers, if
speed is reduced by increasing the value of Dt, motion coherence
thresholds rise to a greater extent than if the speed is reduced by
decreasing the value of Ds and this has implications for how the lo-
cal dot motions are generated in experiments utilizing RDKs. Inter-
estingly studies (e.g. Hou et al., 2009) that have measured steady-
state VEPs to global rotational motion stimuli vs. incoherent noise,
over a range of Ds and Dt values, have found that the amplitude of
the adult evoked global motion response is tuned for spatial offset
over the occipital pole (corresponding to relatively early visual
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eral electrodes (perhaps corresponding to extrastriate areas such
as hV5/MT). That differential responses to coherent global rota-
tional motion and random motion were found in early visual areas
is in itself interesting and may reﬂect a feedback circuit from MT/
MST to V1 (e.g. Stevens et al., 2009). Although these results appear
to be at odds with those of the current study, in which Dt seems to
be the key variable inﬂuencing threshold performance for global
translational motion, as Hou et al. acknowledge the VEP measure-
ments were based on highly suprathreshold stimuli (100% motion
coherence for the rotating RDKs) that may recruit a different pop-
ulation of cells than those that determine the perceptual coherence
threshold.
4.2. Amblyopic eyes
For the amblyopic observers in the present study, when using
the AE, there was no performance advantage demonstrated when
the speed of the dots was increased. Motion coherence thresholds
were signiﬁcantly higher overall than those of the control group
(ANOVA comparing the AE and NE performance showed a signiﬁ-
cant main effect of eye [F(1,18) = 5.032, p < 0.0377; Partial
g2 = 0.218]). Kiorpes, Tang, and Movshon (2006) measured global
motion coherence thresholds for amblyopic monkeys using signal
dots with a range of speeds (1–30 /s), spatial offsets (2–400) and
temporal offsets (19–57 ms) and found that deﬁcits were generally
conﬁned to the slowest dot speeds and were improved by decreas-
ing Dt or increasing Ds accordingly. The noise dots in the RDKs
they used were randomly re-plotted within the display area on
each positional update, so that in effect the noise had a very broad
range of Ds values and speeds and therefore perhaps the potential
to interact with the monkeys’ ability to encode the global motion
of the signal dots in an unpredictable manner. However, it should
also be noted that the range of spatial offsets and speeds in the
Kiorpes et al. study was much wider (1–30 /s), than the speeds
used in the current study. The noise dots in the present study nev-
ertheless may be more optimal for testing how performance de-
pends on speed/displacement because although they had random
directions they always had the same spatial offset, temporal offset
and hence speed as the signal dots in the display. Pilly and Seitz
(2009) have recently compared these two different rules for
assigning the motion of noise dots and have shown that it can have
a marked effect on global motion performance. Generally, human
adult observers are best at estimating global direction when RDKs
contain noise dots of the type used in the present study and they
suggested that this may be explicable in terms of the spatiotempo-
ral displacement tuning characteristics of motion-sensitive cells in
extrastriate cortex. It is possible that these methodological differ-
ences lead to different outcomes. Another factor that may explain
the relatively higher thresholds at slower speed in the Kiorpes,
Tang, and Movshon (2006) study is the age of the monkeys. Their
monkeys were typically immature (they ranged in age from
14 months to 3 years) and their visual systems were still develop-
ing. It is known that the putative mechanisms that encode ‘slow’
and ‘fast’ global motion mature at different rates (Ellemberg
et al., 2004) and steady-state VEP studies in humans suggest that
they may be differentially compromised in the amblyopic visual
system during childhood (Weinstein et al., 2011). As the present
study tested mature human adults it is perhaps not surprising that
that they show qualitatively different patterns of performance to
juvenile monkeys.
The ﬂatness of the curve produced from plotting motion coher-
ence thresholds for AEs at various speeds in the present study sug-
gests that the visual system of the AE of this clinical population is
not able to make use of, or beneﬁt from, an increased number of
stimuli per second. Decreasing the number of displacements persecond, to obtain the slowest speeds in the Dt varies condition,
effectively increases the external temporal noise in the stimulus.
That this manipulation had no discernable effect on AE thresholds
implies that the internal noise associated with encoding motion
direction (which ultimately limits perceptual performance) is rela-
tively high in amblyopia. At an early cortical level the input from
the AE suffers from positional uncertainty (Levi, Klein, & Yap,
1987), internal noise (Levi & Klein, 2003), severe spatial distortion
(Barrett et al., 2003; Bedell & Flom, 1981) and impaired temporal
resolution (Spang & Fahle, 2009). These deﬁcits at early, low-level
stages of processing may feed forward into later, more complex vi-
sual processing, resulting in poor performance on tasks that re-
quire global integration of local signals. The difference in
performance between those amblyopes with and those without
binocular vision is more difﬁcult to explain. Both groups produced
qualitatively similar motion coherence threshold vs. speed func-
tions but the amblyopic group without binocular vision had signif-
icantly higher thresholds overall. It is known that there is a
binocular advantage for global motion and that the probable site
of this advantage, because of its contrast dependency and its
non-uniformity is thought to be in V1 (Hess et al., 2007) but all
conditions tested in the present study were viewed monocularly.
It may be intriguing to postulate that the lack of binocularity
regardless of the aetiological substrate is confounded by greater
levels of positional uncertainty and/or spatial distortion (which
de-correlate binocular vision) suggesting that they may play a
more critical role than previously thought in complex visual
processing.
4.3. Fellow eyes
For the FEs of the amblyopic group motion coherence thresh-
olds measured when Dt was varied were markedly higher than
those when Ds was varied, similar to the pattern of results found
for NE. Furthermore like the NE performance there was an effect
of dot speed, such that when Dt was varied there was a signiﬁcant
improvement in thresholds as the speed of motion was increased.
Although it is well established that a global motion processing def-
icit is sometimes demonstrable in the FE once impairments in low-
level processing such as visibility and spatial scale have been fac-
tored out (Aaen-Stockdale & Hess, 2008; Constantinescu et al.,
2005), there are often considerable individual differences in perfor-
mance between amblyopic observers, even within the same study.
Indeed even when FE impairments are present, they usually tend
to be much smaller in magnitude than those affecting the AE
(e.g. Simmers et al., 2003) and on some global integration tasks,
such as spatial pooling of local orientation information, it has been
reported that no performance difference is evident between the AE
and the FE (Mansouri et al., 2004). Further research is needed to
address the precise circumstances under which FE deﬁcits are evi-
dent on global processing tasks and their prevalence in the ambly-
opic population.
4.4. Conclusions
Our results suggest that the spatial and temporal limits under-
lying the perception of global motion are different and that speed,
spatial offset and temporal offset affect sensitivity to global motion
independently. Modulating speed by altering the temporal offset
has more effect on global motion thresholds than modulating
speed by altering spatial offset. AE global motion thresholds are
higher overall than the other eyes and appear independent of both
the method used to create movement and speed. Subjects with
amblyopia do not necessarily lose the speed advantage available
with normal visual development for the FE, suggesting that ambly-
opia can disrupt global motion processing differentially for the two
P.J. Knox et al. / Vision Research 86 (2013) 59–65 65eyes. In addition degrading the smoothness of motion, by increas-
ing Dt, has comparatively little effect on global motion thresholds
for amblyopic observers when the AE is used, suggesting that the
internal noise associated with encoding motion direction is rela-
tively high at the earliest stages of motion detection.
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